SUMMARY Peak and mean left ventricular ejection power were measured during atrial pacingin6normal subjects (group I), 6 patients with coronary artery disease without myocardial infarction (group Ha), and 10 patients with coronary artery disease after myocardial infarction (group IIb). Pacing rates were 80 and 120/min. Power was determined by computer analysis of pressure, volume, and time. Data were normalised by end-diastolic volume and left ventricular muscle mass.
< 0-001).
These data indicate that the energy output of the left ventricle at rest may be the same in patients with significant coronary artery disease as in normal subjects. Increasing the heart rate from 80 to 120/min in a normal myocardium augments power but in coronary artery disease it remains static or falls.
Left ventricular dynamics can be described in terms of pressure, volume, and time. Pressure analysis according to the principles of the forcevelocity-length relation has been performed by numerous investigators (Brutsaert and Sonnenblick, 1973; Sonnenblick and Strobeck, 1977) . This method has answered many questions about the contractile behaviour of the myocardium in health and disease. Nevertheless it is based upon theoretical assumptions derived from isolated muscle preparations, and the validity of data from the intact heart is limited. Furthermore, pressure analysis gives no direct information about the function of the ventricle as a pump. It has been shown in studies on ventricular volume that the ejection fraction and the velocity of circumferential fibre shortening have value in the detection of myocardial abnormality (Sonnenblick and Strobeck, 1977) . However, these indices do not describe pump function adequately, whereas left ventricular power during ejection combines the time-dependent K. Hagemann, J. Meyer, R. v. Essen, Winfried Krebs, and S. Effer arteriography (group II, mean age 49 ± 6 years) and were potential candidates for coronary artery surgery. Six of these patients had no history of myocardial infarction (group IIa, mean age 46 ± 7 years); in the remaining 10, previous myocardial infarction had been clearly documented by electrocardiography and enzyme studies (group IIb, mean age 50 ± 5 years). Sinus rhythm with normal atrioventricular conduction was present in all subjects. Patients with significant hypertension, mitral valve regurgitation, or major left ventricular wall motion abnormalities were exluded from the study. There was no statistical difference in body surface area between the groups (mean 1 83 + 0-11 m2).
CARDIAC CATHETERISATION TECHNIQUES
Left and right heart catheterisation was performed in the fasting and recumbent state without premedication. Catheters were introduced under local anaesthesia using the Seldinger technique via the femoral vessels. Left ventricular and aortic pressures were measured simultaneously by catheter tip manometer' and a fluid filled catheter (multi purpose type2), respectively. In some instances a single catheter with two manometers was used.'
The zero reference pressure was set at 5 cm below midchest level. Left ventricular angiography was performed by injection of 60 to 70 ml of 70 per cent Na-meglumine-iotalamate into the right atrium or pulmonary artery using a pigtail catheter2. With this technique premature ventricular contractions were completely avoided, and left ventricular volume remained unchanged throughout the period during which it was visible. This method has been described elsewhere in detail (Hagemann and Meyer, 1978) . The ventriculograms obtained were of adequate quality for quantitative analysis by computerised videometry (Hagemann et al., 1976 sampling at 400 times a second. This computer programme has previously been described in detail (Jensch et al., 1976 volume curve calculations of instantaneous left ventricular power were made automatically at 10 ms intervals. By plotting power against time a continuous power curve was obtained ( Fig. 1 ). Left ventricular power during ejection was calculated according to the equation P = p x dV/dt where P = power, p = instantaneous left ventricular pressure, and dV/dt = instantaneous ejection blood flow. In SI units power is expressed in Watts. The conversion relation is power = 1 mmHg x 1 ml x s-1 = 1-333 x 10-4Watt.
The ejection time for calculation of mean power was identified from the aortic pressure tracing. The ejection fraction (%) was calculated as stroke volume/end-diastolic volume multiplied by 100.
STATISTICS
Statistical analysis was performed using the paired and unpaired t test (Ostle, 1963; Brownlee, 1965 At 120/min, however, it rose 28 per cent in group I but remained unchanged in both coronary groupsa significant difference (group II as a whole, P < 0-01, group IIa, P < 0-02, and group IIb, P < 0-01) (Fig. 2) . Mean power normalised by end-diastolic volume was significantly higher at 80/min in normal subjects when compared with group IIb (P < 0.02) and group II as a whole (P < 0.05) but not with group IIa. At 120/min the difference achieved significance for all coronary groups (IIa, P < 0 05, IIb, P < 0-02, and group II as a whole, P < 0.02), the increase in rate producing a 19 per cent rise in nornal subjects but no change in the coronary patients (Fig. 3) group.bmj.com on June 25, 2017 -Published by http://heart.bmj.com/ Downloaded from EJECTION TIME Ejection time as determined from the aortic pressure tracing at heart rates of 80 and 120/min was 273 + 25 ms and 232 ± ms respectively in group I, 283 + 20 ms and 236 ± 12 ms respectively in group IIa, 280 ± 27 ms and 227 ± 28 ms respectively in group IIb, and 281 ± 24 ms and 230 + 23 ms respectively in group II as a whole. The decrease in ejection time was significant in all groups (P < 0-001) but there was no statistically significant difference between the groups themselves.
LEFT VENTRICULAR MUSCLE MASS
End-diastolic muscle mass in normal subjects at a heart rate of 80/min was 179 ± 25 g. Muscle mass in group IIa was significantly higher than in :normal subjects (216 ± 35, P < 0.05).
PEAK EJECTION POWER NORMALISED BY MUSCLE MASS
Peak ejection power normalised by muscle mass at a heart rate of 80/min was 44-5 ± 8&3 mW/g in normal subjects and 46-7 ± 8-6 mW/g in patients in group IIa (NS). In normal subjects it remained essentially unchanged when the rate was altered to 120/min. In group IIa it decreased by 26 per cent to 34.7 ± 8.2 mW/g (P < 0.001) (Fig. 4) . The difference between normal subjects and patients in group IIa at a heart rate of 120/min was significant (P < 0 05).
Discussion
The left ventricle works as, and is broadly similar to, a mechanical hydraulic pump. In mechanics, pumps are characterised by their peak and mean hydraulic power for a given cycle length and the data needed for the determination of pump power are pressure, volume, and time. However, since ventricular power changes dynamically throughout the cardiac cycle, these indices have to be analysed simultaneously in adequate detail for its study. Furthermore, it is essential to relate ventricular power to a constant cycle length, that is to heart rate.
Bearing these points in mind this investigation was designed to determine the levels of ventricular power during ejection at rest and under stress in normals and in patients with coronary heart disease. Chronic ischaemia of the myocardium as a result of coronary artery stenosis leads to impairment of ventricular pump function, and while this has been shown for other ejection phase indices of ventricular performance (ejection fraction, stroke volume, cardiac output, stroke work, etc. (Sonnenblick and Strobeck, 1977) these do not allow for time, which is an important variable in myocardial dynamics.
Studies of ventricular power in animals and in man have been reported by Chapman et al. (1959 ), Bunnell et al. (1962 , Hernandez et al. (1964 ), Greenfield et al. (1968 , and Snell and Luchsinger (1965). Russel et al. (1971) andSteinand Sabbah (1976 a, b) investigated left ventricular ejection power in various cardiac abnormalities at rest, but their data can only partly be compared with our own; in particular the heart rate was not kept constant. In our patients, however, this was achieved by the use of atrial pacing, both for basal measurements (at 80/min) and for stress testing (at 120/min). It has been shown previously that rapid atrial pacing is an acceptable method of stressing the heart (Forrester et al., 1971) and without myocardial infarction, though the latter tended to have higher values. This may be explained by the myocardial hypertrophy (increased muscle mass) which was found in this group. However, under stress, peak power fell appreciably in both coronary groups (while in normal subjects it tended to rise) and this fall was statistically significant in the patients without infarction, even though there was no statistical difference in peak left ventricular power at either heart rate between the groups. Similar results were obtained for measured mean left ventricular power and it seemed necessary, therefore, to 'normalise' power by relating it to indices which represent the dimension of the ventricle and the mass of its wall. End-diastolic volume, as a measure of muscle fibre length before contraction, was higher in the patients with coronary artery disease than in the normal subjects. This finding is well known (Dwyer, 1970) ; chronic myocardial ischaemia induces ventricular hypertrophy and dilatation. At the basal heart rate, peak left ventricular power normalised by end-diastolic volume was in the same range in all the 3 groups, though patients with infarction tended to have lower values. When the heart rate was increased, this rose significantly in normal subjects but remained unchanged in both groups of patients with coronary artery disease. Mean left ventricular power normalised by end-diastolic volume, however, was significantly lower at both heartrates in patients with infarction than in normal subjects, and the rate increase led to a rise in this index in normal subjects but not in either coronary group. These results indicate that whereas, normally, ventricular power rises with heart rate, in coronary disease the limited oxygen supply prevents this. Left ventricular muscle mass was determined in normal subjects and the group without infarction only; it was significantly higher in the latter. Peak power values normalised by muscle mass at rest were in the same range in both, but under stress decreased significantly in the coronary group alone. Similar results were obtained for mean power/g muscle mass. Thus, myocardial hypertrophy in chronic ischaemic heart disease without infarction compensates only in part for loss of pump function.
Under moderate stress (here, tachycardia at 120/min) the energy output per unit of muscle mass not only cannot be maintained but indeed falls to critical levels, indicating impending heart failure. This study, then, proves left ventricular power to be of value in delineating myocardial performance at rest and under stress. Further work is needed to determine the influence of the extent and localisation of coronary artery lesions, of arrhythmias, and of drugs, on this measurement. 
